Validation of current and promising surrogate outcomes for ESRD in randomized controlled trials (RCTs) has been limited. We conducted a systematic review and meta-analysis of RCTs to further inform the ability of surrogate outcomes for ESRD to predict the efficacy of various interventions on ESRD. MEDLINE, EMBASE, and CENTRAL (from inception through September 2013) were searched. All RCTs in adults with proteinuria, diabetes, or CKD stages 1-4 or renal transplant recipients reporting $10 ESRD events and a surrogate outcome (change in proteinuria or doubling of serum creatinine [DSCR]) for ESRD during a $1-year follow-up were included. Two reviewers abstracted trial characteristics and outcome data independently. To assess the correlation between the surrogate outcomes and ESRD, we determined the treatment effect ratio (TER), defined as the ratio of the treatment effects on ESRD and the effects on the change in surrogate outcomes. TERs close to 1 indicate greater agreement between ESRD and the surrogate, and these ratios were pooled across interventions. We identified 27 trials (97,458 participants; 4187 participants with ESRD). Seven trials reported the effects on change in proteinuria and showed consistent effects for proteinuria and ESRD (TER, 0.82; 95% confidence interval, 0.59 to 1.16), with minimal heterogeneity. Twenty trials reported on DSCR. Treatment effects on DSCR were consistent with the effects on ESRD (TER, 0.98; 95% confidence interval, 0.85 to 1.14), with moderate heterogeneity. In conclusion, DSCR is generally a good surrogate for ESRD, whereas data on proteinuria were limited. Further assessment of the surrogacy of proteinuria using prospective RCTs is warranted. CKD is commonly defined as a GFR,60 ml/min per 1.73 m 2 or the presence of markers of kidney damage, including proteinuria. 1 The global burden of CKD is increasing, with a prevalence of 10%-16% worldwide. 2 The clinical management of people with CKD has been difficult, particularly for those with irreversible kidney failure or ESRD. Preserving kidney function and slowing the progression of kidney disease is thus important. In measuring the efficacy of interventions in clinical trials focusing on this strategy, ESRD (defined as long-term dialysis or kidney transplantation) is the most definitive outcome in kidney disease. However, kidney disease often progresses slowly over many years. This presents logistic challenges in the conduct of randomized controlled trials (RCTs) because long follow-up and extensive resources are required. These considerations 4 There is considerable interest in using proteinuria or smaller changes in serum creatinine or eGFR as surrogate outcomes. 5-7 However, rigorous validation of a surrogate outcome is needed before it can be implemented in large-scale trials. We therefore conducted a systematic review and meta-analysis of RCTs, irrespective of intervention or comparator, in adults with proteinuria, diabetes, CKD stages 1-4, or renal transplant recipients to further inform the ability of surrogate outcomes (change in proteinuria and doubling of serum creatinine) for ESRD to predict the efficacy of various interventions on ESRD.
may explain the lack of RCTs in nephrology compared with other specialties of medicine. 3 The use of appropriate surrogate outcomes may facilitate clinical trial conduct as they reduce samples size requirements and duration of follow-up. Doubling of serum creatinine is frequently used as a surrogate for ESRD in RCTs, but there is ongoing debate regarding its limitations because serum creatinine increases do not necessarily reflect the true rate of renal function decline. 4 There is considerable interest in using proteinuria or smaller changes in serum creatinine or eGFR as surrogate outcomes. [5] [6] [7] However, rigorous validation of a surrogate outcome is needed before it can be implemented in large-scale trials.
We therefore conducted a systematic review and meta-analysis of RCTs, irrespective of intervention or comparator, in adults with proteinuria, diabetes, CKD stages 1-4, or renal transplant recipients to further inform the ability of surrogate outcomes (change in proteinuria and doubling of serum creatinine) for ESRD to predict the efficacy of various interventions on ESRD.
RESULTS

Search Results and Characteristics of Included Studies
The literature search yielded 9383 articles, of which 117 were reviewed in full text ( Figure 1 ). Of these, 27 RCTs (97,458 participants; 4187 ESRD events) met the inclusion criteria. Most studies identified by our search, but excluded from this review, were not in relevant populations, did not report ESRD events, or were duplicates of reports already identified. Table 1 summarizes the characteristics of the included studies. The trials had a sample size that ranged from 50 to 17,118 participants with follow-up periods from 1.6 to 10.0 years. Of the 27 trials identified, 3 were single-center studies [8] [9] [10] and 24 were multicenter studies. Studies were conducted in some or all of the United States, Canada, Europe, Asia, and Oceania, with trial results published between 1992 and 2013. A variety of interventions were assessed, including BP lowering (16 trials 12, 13, 17, 19, [21] [22] [23] [24] [25] [26] 28, 29, [31] [32] [33] [34] ), lipid-lowering therapy (3 trials 9, 11, 15 ), intensive glucose-lowering therapy (4 trials 16, 20, 27, 30 ), anemia therapy (2 trials 14, 18 ), dietary intervention (1 trial 10 ) , and chelation therapy (1 trial 8 ).
The mean age of study participants ranged between 34.5 and 68.3 years, with the proportion of men between 48.8% and 97.1%. Eighteen trials specified the presence of diabetes as part of their inclusion criteria. [8] [9] [10] 12, 13, [15] [16] [17] [19] [20] [21] [22] [23] [24] [25] [26] [27] 30 The mean GFR of the study participants ranged from 17.3 to 90.0 ml/min per 1.73 m 2 . Quality assessment of included trials based on key indicators of trial quality showed that earlier, smaller studies provided few details about the process of randomization, allocation concealment, and the use of intention-to-treat analysis techniques (Supplemental Material 1).
Efficacy of Surrogate Outcomes for ESRD Proteinuria versus ESRD
Overall, seven trials (17,740 participants; 173 ESRD events)-five trials assessing the effects of BP-lowering agents, 17, 24, 28, 33, 34 one trial in lipid lowering, 9 and one trial assessing the effects of chelation therapy 8 -reported baseline and follow-up data on proteinuria to permit the calculation of the treatment effect ratios and their 95% CIs. In all seven trials, the direction of treatment effect (the point estimate) on proteinuria corresponded with that of the effect on ESRD, and the pooled treatment effect ratio showed minimal heterogeneity across the individual ratios (treatment effect ratio, 0.82; 95% confidence interval [95% CI], 0.59 to 1.16; I 2 =0%; P for heterogeneity=0.863) (Figure 2 ). Results were similar in a weighted bubble plot assessing the relationship between the treatment effects on proteinuria and ESRD (Supplemental Material 2).
Doubling of Serum Creatinine versus ESRD
Twenty trials (10 trials assessing the effects of BP lowering, 12, 13, 19, [21] [22] [23] [24] [25] [26] 32 2 trials in lipid lowering, 11, 15 4 trials comparing the effects of intensive glucose lowering to standard glucose lowering, 16, 20, 27, 30 2 trials in anemia therapy, 14, 18 and 2 trials each assessing the effects of a dietary intervention and chelation therapy 8, 10 ) comprising 95,457 participants reported treatment effects on doubling of serum creatinine (3893 events) and ESRD (3850 events) ( Figure 3) . Overall, the treatment effect on doubling of serum creatinine was consistent with the treatment effect on ESRD (treatment effect ratio, 0.98; 95% CI, 0.85 to 1.14). This consistency was especially observed in trials assessing the effects of a renin-angiotensin system blockade drug against placebo, with a treatment effect ratio between ESRD and doubling of serum creatinine of 1.01 (95% CI, 0.84 to 1.21). However, overall, moderate heterogeneity was observed across the treatment effect ratios (I 2 =34.9%; P=0.05). A weighted bubble plot assessing for the relationship between the treatment effects on doubling of serum creatinine and ESRD showed similar results (Supplemental Material 3). Subgroup analyses identified the number of ESRD events reported in the trial as a significant source of heterogeneity (P,0.001) (Figure 4 ).
Sensitivity Analysis
Only four trials provided follow-up 24-hour urine protein excretion data between baseline and 13 months for the assessment of early change in proteinuria as a surrogate for ESRD. 8, 17, 33, 34 Follow-up proteinuria measurements at 3, 4, and 12 months (for two studies) were used. The overall results, compared with proteinuria change at end of study, remained essentially unchanged.
Publication Bias
Formal statistical testing showed evidence of publication bias (Egger test P,0.001) for the outcome of ESRD (Supplemental Material 4).
DISCUSSION
For our large systematic review, we comprehensively searched the literature for RCTs assessing the effects of a broad range of interventions on the risk of ESRD to assess the efficacy of change in proteinuria and doubling of serum creatinine as surrogate outcomes for ESRD. Overall, the available data suggest that treatment effects on proteinuria and doubling of serum creatinine are consistent with the effects on ESRD across most intervention types assessed and that, more specifically, doubling of serum creatinine is generally a good surrogate for ESRD while proteinuria requires further assessment of its validity.
The use of surrogate outcomes, particularly in RCTs, is largely based on trial feasibility, including sample size and study duration. Indeed, the lack of effective surrogate outcomes in nephrology has arguably had a substantial influence on the generation of robust level 1 clinical evidence; the number of published RCTs in nephrology has been reported to be lower than in all other subspecialties of internal medicine. 3 Prentice's definition and operational criteria to assess the validity of a surrogate outcome require a surrogate to be not only closely correlated with the true clinical outcome ("individual-level association") but also for the treatment effect on the surrogate to predict the treatment effect on the true clinical outcome ("trial-level association"). 35 Experimental evidence supports the biologic plausibility of proteinuria as a surrogate for ESRD, 36, 37 demonstrating the relationship between accumulated protein during heavy proteinuria and progressive nephropathy. 38 Clinical evidence also supports a strong graded association between baseline proteinuria and the risk of clinically important outcomes, including cardiovascular disease and ESRD. [39] [40] [41] [42] The prognostic importance of proteinuria has been supported by evidence showing the effectiveness of BPlowering therapies, particularly on slowing the renal progression of CKD in people with proteinuria at baseline. 43 The importance of proteinuria in CKD and the role it plays in the subsequent development of ESRD has identified proteinuria as a potential surrogate outcome in clinical trials 5 ; indeed, proteinuria change as a surrogate for ESRD has been used in many small-scale, earlier-phase trials. [44] [45] [46] However, proteinuria is currently not accepted as a surrogate outcome in broader large-scale, multicenter trials. 5 Accumulating data from post hoc analyses of RCTs, particularly in BP-lowering trials, do, however, suggest that further assessment of the surrogacy of proteinuria is warranted. In a post hoc analysis of a subgroup (n=810) of the African American Study of Kidney Disease and Hypertension, a doubling of the urine protein-to-creatinine ratio in the first 6 months of BP-lowering treatment was associated with a mean6SD greater decline in GFR of 0.6360.10 ml/min per 1.73 m 2 per year and was predictive of progression to ESRD (relative risk, 2.11; 95% CI, 1.89 to 2.36). 47 In a another post hoc analysis of the REIN (Ramipril Efficacy In Nephropathy) trial, 48 in which 352 participants with chronic nephropathy (defined as creatinine clearance of 20-70 ml/min per 1.73 m 2 ) and persistent proteinuria were randomly assigned to ramipril and placebo, GFR decline was significantly slower in patients who had an initial 3-month reduction in proteinuria compared with those without a short-term reduction (20.2860 49 and Irbesartan Diabetic Nephropathy Trial (IDNT), 50 suggesting that an early change in proteinuria may predict a longer-term renal benefit.
A recent meta-analysis sought to address this issue by assessing the efficacy of proteinuria as a surrogate for kidney disease progression (clinical outcome defined as a composite of doubling of serum creatinine, ESRD, or death) using individual participant-level data from 32 RCTs. Inker et al. reported that an early reduction in proteinuria was associated with lower risk of the clinical outcome and that the overall direction of the treatment effects on early change in proteinuria was consistent with the direction of the treatment effect on the clinical outcome. However, the study could not assess whether the treatment effects on early change in proteinuria were proportional to the effects on the clinical outcomes. While there are key differences between our study and the study by Inker et al., including the use of published-level versus participant-level data, definition of the clinical outcome, the time point at which proteinuria change was determined, and the assessment of doubling of serum creatinine as a surrogate outcome for ESRD (in our study), the overall conclusions are consistent across the two studies and together add complementary information on the efficacy of change in proteinuria as a surrogate outcome for ESRD. In our sensitivity analysis comparing the surrogacy of early and late proteinuria change, our overall results remained essentially unchanged; the treatment effects on proteinuria were largely consistent across the early and later time periods of study follow-up. While the overall utility of proteinuria as a surrogate for ESRD requires further assessment, these results support the use of early change in proteinuria, compared with longer-term change, as a surrogate for ESRD. The use of early proteinuria change as a surrogate for ESRD has methodologic appeal, particularly because proteinuria occurs at an early stage of kidney disease and thus has important implications for RCT design and conduct, allowing for shorter durations of followup and reductions in costs. However, our results on the surrogacy of proteinuria are limited by the critical lack of studies reporting treatment effects on proteinuria and ESRD. Thus, caution is needed with interpreting these results. Further assessment of this issue is warranted.
Contrary to some evidence supporting proteinuria as a surrogate, data also suggest that treatment effects on proteinuria by itself should not be considered a definitive indicator of the likely effects on ESRD. The ONgoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial (ONTARGET), which randomly assigned participants to telmisartan, ramipril, or a combination of both, reported significant reductions in albumin-tocreatinine ratio with combination therapy (P,0.001 compared with ramipril group) but reported contrasting effects on the composite renal outcome (hazard ratio, 1.09; 95% CI, 1.01 to 1.18; P=0.04). 24 Several reasons have been suggested to explain the contrasting results, 51 such as the low baseline proteinuria of the participants and the inclusion of acute hemodialysis treatment in the composite outcome; however, the differing results support the need for careful further investigations to assess whether change in proteinuria is a valid surrogate for ESRD.
Our results support the utility of doubling of serum creatinine, an already frequently used surrogate for ESRD, particularly in BP-lowering interventions. Doubling of serum creatinine as a surrogate for ESRD is based on the rationale that patients experiencing a halving of kidney function (which is approximately equivalent to a doubling of baseline serum creatinine) would most likely progress to kidney failure requiring long-term or renal transplantation. Because it is presumed that doubling of serum creatinine will occur more frequently compared with ESRD, it has been incorporated into the commonly used composite renal outcome of dialysis, renal transplantation, and death. Despite its broad use in renal trials, there have been ongoing debates regarding its limitations, particularly because doubling of serum creatinine does not precisely reflect the rate of renal function decline. 4, 52 On the basis of this, it is plausible that smaller proportional increases in serum creatinine (or decreases in eGFR) could also predict risk of ESRD. Indeed, lesser changes in GFR or the rate of GFR decline have been considered as potential surrogates for ESRD. 7 A recent post hoc analysis of the RENAAL study and IDNT to assess whether smaller declines in GFR (eGFR declines of 40%, 30%, and 20%) would improve statistical power showed that these lesser eGFR declines resulted in more participants reaching the surrogate outcome but did not consistently improve statistical power of the clinical trials. 6 Furthermore, the recent data also suggest that additional considerations, such as the presence of an acute effect on eGFR from the trial therapy, need to be made in considering the use of lesser eGFR reductions as surrogate endpoints for ESRD. 6, 53 Further studies are needed to assess the potential of lesser changes in serum creatinine or eGFR as surrogates for ESRD. Our results also suggest that doubling of serum creatinine is generally a good surrogate for ESRD but may not be adequate in some circumstances. In subgroup analysis, we identified the number of ESRD events reported in the trials as a source of heterogeneity, showing that in trials reporting #50 ESRD events, ESRD was underestimated by doubling of serum creatinine. The number of ESRD events in trials is largely influenced by the severity of baseline kidney disease, suggesting that doubling of serum creatinine is less effective as a surrogate in trials that include patients with better-preserved kidney function.
Subgroup analysis did not show intervention type as an important source of heterogeneity. However, these results need to be interpreted with caution because most included trials were of BP-lowering interventions. Indeed, when assessed individually, the treatment effect ratios of lipid-and glucoselowering interventions differed substantially from the point of null (i.e., ideal surrogate) compared with the BP-lowering interventions.
Our systematic review benefits from the many identified RCTs to explore the utility of surrogate outcomes for ESRD across a broad spectrum of intervention types. However, our study has limitations that should be considered in interpreting the results. Our study is primarily limited by the assessment of published trial-level data and the lack of RCTs specifically designed to assess the efficacy of surrogate outcomes for ESRD. Only seven trials reported sufficient information to allow comparison of treatment effects on proteinuria and ESRD. In describing the correlation between surrogate outcomes and ESRD, we have attempted to assess the validity of surrogate outcomes for ESRD by addressing only one of Prentice's criteria for the validation of surrogates. In addition, our analysis did not account for the possible correlation between the variance in the estimated treatment effects on the surrogate outcomes and ESRD. In this review, we have assessed the efficacy of surrogate outcomes for treated ESRD. A substantial number of events with doubling of serum creatinine may not result in treated kidney failure. This review has not determined the surrogacy of lesser changes in serum creatinine or GFR. Use of individual participant-level data have great potential to address these questions. Finally, we detected significant publication bias for the outcome of ESRD, and it may thus be possible that the association between the treatment effects on proteinuria and ESRD in these studies differ.
We found that across a broad range of interventions, the treatment effect on surrogate outcomes of ESRD, including change in proteinuria and doubling of serum creatinine, is generally consistent with the effect on ESRD. Our study suggests that further assessment to explore the validity of proteinuria as a surrogate for ESRD through prospective trials is needed.
CONCISE METHODS
Data Sources and Search Strategy
We did a systematic review of the literature according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement for the conduct of meta-analyses of RCTs. Relevant studies were identified by searching MEDLINE via Ovid (1950 through September 2013), EMBASE (1966 through September 2013), and the Cochrane Library database (CENTRAL; no date restriction), using relevant text words and medical subject headings (Supplemental Material 5). We limited the search to RCTs but placed no restrictions on the type of intervention or language. Reference lists from identified trials and review articles were manually scanned to identify other relevant studies. Complete methods are available in the Supplemental Material.
Study Selection
Two authors performed (M.J. and T.C.T.) independently performed the literature search, data extraction, and quality assessment using a standardized approach. All completed RCTs, irrespective of intervention or comparator, conducted in adults (age $18 years) with proteinuria, diabetes, CKD stages 1-4 (defined as per Kidney Disease Improving Global Outcomes CKD stages), 1 or renal transplant recipients and reporting the outcome of $10 ESRD events (defined as the need for long-term or renal transplantation) and any one of the following surrogate outcomes during a follow-up of $1 year were eligible for inclusion in the systematic review: (1) change in proteinuria or (2) doubling of serum creatinine from baseline.
Data Extraction and Quality Assessment
We obtained published reports for each trial and extracted selected information, including study and baseline patient characteristics, the type of intervention, follow-up duration, and outcome events. Study quality was judged by reporting of randomization method, concealment of treatment allocation, similarity of treatment groups at baseline, description of the eligibility criteria, completeness of followup, and use of intention-to-treat analysis. A third reviewer (B.H.) adjudicated disagreements over abstracted data.
Outcomes
We collected data on ESRD, change in proteinuria (from baseline to end of study; 24-hour proteinuria, urinary albumin-to-creatinine ratio, urinary protein-to-creatinine ratio; absolute and proportional; or as defined by authors), and doubling of serum creatinine.
Data Synthesis and Analyses
Individual-study relative risks and 95% CIs were calculated from event numbers (for binary outcomes, including doubling of creatinine and ESRD) extracted from each trial before data pooling. On the basis of the rationale that for an ideal surrogate outcome, the treatment effect on the change of the surrogate outcome would be proportional to that of the treatment effect on the change of the clinical outcome, 7, 54 we assessed the validity of proteinuria and doubling of serum creatinine as surrogate outcomes for ESRD based on treatment effect ratios. The treatment effect ratio was defined as the relative risk for the treatment effect on ESRD divided by the relative treatment effect on the surrogate outcome (i.e., treatment effects on surrogate outcomes also presented as ratios). A treatment effect ratio value close to 1 indicates greater agreement between ESRD and the surrogate outcomes. Consistent with prior studies, 55 the treatment effect on change in proteinuria was expressed as a ratio of the end-of-study proteinuria values (urine protein excretion in g/d) and the geometric baseline proteinuria values between the two study treatment groups. For doubling of serum creatinine, the relative risk was calculated on the basis of the event numbers and treatment group sizes. These ratios were pooled across interventions. A summary estimate of the treatment effect ratio was obtained using a random-effects model.
The percentage of variability across studies attributable to heterogeneity beyond chance was estimated using the I 2 statistic. 56 We also assessed the relationship between the treatment effects on ESRD and surrogate outcomes using linear regression weighted by the inverse of the variance for the estimate of the treatment effect on ESRD. We explored potential heterogeneity in estimates of the treatment effect ratio by comparing summary results obtained from subsets of studies grouped by number of patients and mean values for age, baseline eGFR, systolic BP, intervention types, number of ESRD events reported, and follow-up duration. We assessed potential publication bias with the Egger test, represented graphically with the Begg funnel plot of the natural log of the relative risk versus its SEM. 57 A two-sided P value ,0.05 was considered to represent statistically significant differences. Statistical analyses were performed with Stata software, version 9.2 (Stata Corp., College Station, TX).
Sensitivity Analyses
We performed sensitivity analyses to assess whether earlier change in proteinuria, compared with change at the end of study (i.e., late change), better predicted ESRD. As was done in prior studies, we defined early change in proteinuria as the change in 24-hour urine protein excretion from baseline to the first follow-up measurement between 2.5 and 13 months. The corresponding author had full access to all data in the study and takes responsibility for the integrity of the data and accuracy of the analysis.
